To construct a genetic linkage map of the heterothallic yeast, Cryptococcus neoformans (Filobasidiella neoformans), we crossed two mating-compatible strains and analyzed 94 progeny for the segregation of 301 polymorphic markers, consisting of 228 restriction site polymorphisms, 63 microsatellites, two indels, and eight mating-type (MAT)-associated markers. All but six markers showed no significant (P Ͻ 0.05) segregation distortion. At a minimum LOD score of 6.0 and a maximum recombination frequency of 0.30, 20 linkage groups were resolved, resulting in a map length of ‫0051ف‬ cM. Average marker density is 5.4 cM (range 1-28.7 cM). Hybridization of selected markers to blots of electrophoretic karyotypes unambiguously assigned all linkage groups to chromosomes and led us to conclude that the C. neoformans genome is ‫2.02ف‬ Mb, comprising 14 chromosomes ranging in size from 0.8 to 2.3 Mb, with a ratio of ‫2.31ف‬ kb/cM averaged across the genome. However, only 2 of 12 ungrouped markers hybridized to chromosome 10. The hybridizations revealed at least one possible reciprocal translocation involving chromosomes 8, 9, and 12. This map has been critical to genome sequence assembly and will be essential for future studies of quantitative trait inheritance.
T HE fungus Cryptococcus neoformans (teleomorph is
. However, Filobasidiella neoformans) is an opportunistic pathophylogenetic data have revealed a low frequency of curgen of worldwide distribution and the leading cause rent or historical recombination (Franzot et al. 1997 ; of fungal infections of the central nervous systems in Litvintseva et al. 2003 ; Xu and Mitchhumans and other mammals (Casadevall and Perfect ell 2003) . Although not observed in nature, sexual 1998; Stephen et al. 2002) . Infections are acquired by reproduction has been demonstrated in the laboratory. inhalation of desiccated yeast cells or basidiospores
The teleomorph or sexual state is designated F. neo- (Sukroongreung et al. 1998) , which may subsequently formans (Kwon-Chung 1975 , 1976 and is characterized disseminate from the lungs to the central nervous sysby dikaryotic filamentous hyphae with clamp connectem, the skin, the prostate, the eyes, and elsewhere tions and terminal basidia that produce long chains of (Mitchell and Perfect 1995) . In addition to its broad basidiospores. Sexual self-incompatibility in C. neoformans host range, C. neoformans is cosmopolitan and nearly is bipolar: mating compatibility requires opposite alubiquitous in nature, having been isolated from trees, leles, MATa and MAT␣, at the mating-type locus (Kwonsoil, insects, and most frequently, the excreta of birds, Chung and Hill 1981). However, most environmental especially pigeons. Whether these habitats represent the and clinical strains possess only the MAT␣ allele (Kwonprimary environmental sources of infectious propagules Chung and Bennett 1978; Kwon-Chung et al. 1992;  is not yet known; indeed, an understanding of the natu- Yan et al. 2002; Litvintseva et al. 2003) . The prevalence ral history of C. neoformans remains incomplete.
of MAT␣ isolates may be due to "haploid fruiting" C. neoformans exists normally in its anamorphic or (Wickes et al. 1996) , a form of asexual reproduction asexual state, as a haploid yeast (Casadevall and Percharacteristic of some MAT␣ strains in response to starfect 1998). Low genetic diversity, the widespread occurvation conditions or the proximity of mating partners rence of identical genotypes, and tests for recombina- (Wickes et al. 1996; Wang et al. 2000) . In the plant tion all support the hypothesis that the mode of pathogen Microbotryum violacea, mating-type bias is due reproduction is primarily clonal (Brandt et al. 1996;  to recessive lethal mutations that are tightly linked to the MATa allele (Kaltz and Shykoff 1997; Oudemans et al. 1998) , although no evidence for this type of mating-1 Tremellales, a lineage that diverged early from other ous mating types; in addition, the progeny population contained a substantial number of clones (our unpuborders within the class Hymenomycetes (Fell et al. 2000) . The Tremellales bridge the Hymenomycetes with lished results). Upon inspection of the AFLP markers, we found that many did not reflect true genotypic polyits sibling classes Ustilaginomycetes and Urediniomycetes, the plant-pathogenic smuts and rusts (Swann and morphisms, but likely were artifacts of the AFLP procedure (our unpublished results). formans diverged ‫91ف‬ million years ago .
human patient in the United States (Heitman et al. 1999) .
C. neoformans is a globally important human patho-
The use of strains B-3501 and B-3502 as parents of the mapping population allowed us to take full advantage of DNA sequence gen, largely due to its high prevalence among patients information to identify polymorphisms: strain B-3501 has been with AIDS. It has become a model for fungal pathogenesequenced by SGTC, and we have discovered that strain B-3502 sis and is among several fungal species that have been is isogenic with strain JEC20/B-4476 and the TIGR-sequenced chosen for complete genome sequencing (http://wwwstrain JEC21, except at the MAT locus (Heitman et al. 1999;  genome.wi.mit.edu/annotation/fungi/fgi/). Although our unpublished results).
The crosses were performed as described by revealed that many either were infertile or had ambigu-adjusted to ‫01ف‬ ng/l and then diluted 10-fold and 100-fold mega, Madison, WI) and 1ϫ restriction enzyme buffer and incubated at 37Њ for a minimum of 2 hr. A 5-l sample of for PCRs in 10 mm Tris-Cl, pH 8.0. each restriction digest was electrophoresed, visualized, and Marker development: Microsatellites: To detect microsatelphotographed as described above. lites, we performed a BLAST search of the C. neoformans geGenotypes were scored visually and entered into a spreadnome sequence database at the SGTC (http:/ /www-sequence.
sheet for segregation and linkage analysis. stanford.edu/group/C.neoformans) for a minimum of five Data analysis and map construction: Genetic mapping of repeats of all possible di-and trinucleotide microsatellite moall markers was performed using JoinMap 3.0 software (Ooijen tifs (Table 1) . For each microsatellite locus identified, we and Voorrips 2001) on a Windows-based PC. Data in spreaddesigned PCR primers to amplify 100-300 bp of sequence sheet format were converted to text files, imported, and forflanking the locus. To determine whether the locus was polymatted according to the software instructions. This program morphic, PCR amplicons from the parents, B-3501 and assembles pairwise marker associations on the basis of likeli-B-3502, were evaluated using polyacrylamide gel electrophorehood of odds (LOD) scores of recombination frequencies and sis (PAGE). Briefly, they were electrophoresed in 6.7% polythen constructs maps of these groupings utilizing a modified acrylamide in 1ϫ TBE in a 30-ϫ 38-cm Bio-Rad Sequi-Gen weighted least-squares method (Stam 1993) , in which the GT vertical gel apparatus, according to manufacturer's instrucsquares of the LOD scores are used as weights (Ooijen and tions. Subsequent to electrophoresis, gels were silver stained Voorrips 2001). Prior to weighted least-squares map estimaaccording to Bassam et al. (1991) and then exposed for 1-2 tion, JoinMap used the Kosambi mapping function (Kosambi sec with white light onto X-ray duplication film (Kane X-Ray, 1944) to translate recombination frequency into map distance. Crofton, MD) and developed according to standard proceOf the several population types that JoinMap accommodates, dures. Polymorphic microsatellite markers that were used in the most appropriate for this population was "hap1," which the map and their primer sequences are provided as suppleis defined by JoinMap as "a haploid population derived from mental data (see Table S1 at http:/ /www.genetics.org/supple the F 1 of a cross between two fully homozygous diploid parents" mental/).
(Ooijen and Voorrips 2001). Markers were treated as codomRFLPs: Because B-3502 is nearly isogenic with JEC21 (Heitinant with phase (parental genotypes) known. Segregation man et al. 1999; our unpublished results), we were able to ratios of markers were tested for deviations from the expected identify restriction sites that should be polymorphic between Mendelian 1:1 ratio using the chi-square test (␣ ϭ 0.05) and the mapping parents B-3501 and B-3502 by comparing the one degree of freedom. Linkage was concluded using a recom-B-3501 and JEC21 versions of cneo011005 contig sequences.
bination frequency (rf ) of 0.30 as the threshold "swept radius" Twenty-four restriction enzyme recognition sequences (9 (Carter and Falconer 1951; Silver 1995) , which represents 4-bp and 15 6-bp sequences) were queried in this manner the maximum recombinational "distance" for a mapping pop- (Table 2 ). Primers for PCR were designed to flank each restriculation of 94 progeny over which linkage between two loci tion site and generate PCR amplicons of ‫008ف‬ bp. To validate can be demonstrated at a significance level of 95% (Silver putative polymorphisms, PCRs using B-3501 and B-3502 DNAs 1995). We initially required LOD scores of 6.0 or more to were digested with the appropriate restriction enzyme and conclude linkage and then subsequently tested LODs of 5.0 electrophoretically separated in 2% agarose gels in 0.5ϫ TBE. and 4.0 to determine whether linkage groups would combine Gels were visualized with UV light and photographed as dein a manner that was consistent with results from karyotype scribed above. Polymorphic RFLP markers that were used hybridizations (see below). in the map and their primer sequences are shown in the Electrophoretic karyotyping: Parental isolates B-3501 and supplemental data (see Table S1 at http:/ /www.genetics.org/ B-3502 were grown to an OD 600 of 0.5 in YEPD broth at 30Њ supplemental/). on a rotary shaker at 250 rpm. Spheroplasts were prepared Additional markers: Two length polymorphisms due to inseraccording to Lengeler et al. (2000) , with modifications based tions or deletions (indels) were identified in a manner similar on Wickes et al. (1994) . Plugs containing ‫5ف‬ ϫ 10 6 cells ‫1ف(‬ to that described for RFLPs, except that polymorphisms were g DNA) were loaded into a 13 ϫ 14-cm 1% agarose gel validated using PAGE. We also used two MATa-specific mark-(Chromosomal-Grade; Bio-Rad) in 0.5ϫ TBE. Chromosomes ers, NCP1a (Lengeler et al. 2002) Table S1 at above. To separate isomorphic chromosomes, electrophoretic http:/ /www.genetics.org/supplemental/.
conditions were modified and a longer gel (13 ϫ 21 cm) Genotyping: Mating type: The mating type was identified by was used. To separate the B-3502 7/8 doublet, the gel was two methods. First, isolates were tested for mating compatibilelectrophoresed for 240 hr at 9Њ, 4 V/cm, with a 200-to 240-ity against MATa and MAT␣ tester strains ( JEC20 and JEC21, sec switch time. Chromosome sizes of C. neoformans were respectively), as described above. Second, a 10-fold dilution estimated by comparison with commercially prepared chroof each progeny DNA was tested by PCR using MAT-specific mosomes of Hansenula wingei and Saccharomyces cerevisiae (Bioprimers for STE20a and STE20␣ (see Table S1 at http:/ /www. Rad). genetics.org/supplemental/; Lengeler et al. 2001) .
Chromosomes were transferred from gels onto positively Microsatellites and indels: Dilutions (100-fold) of progeny charged nylon membranes (Roche, Mannheim, Germany) us-DNA from microsatellite and indel PCRs were electrophoresed ing the denaturing downward transfer method described in in 6.7% polyacrylamide gels and silver stained as described Sambrook and Russell (2001) with the following modificaabove.
tions: after acid depurination, gels were neutralized and denaRFLPs: PCRs were performed as described above, using 1:99 tured with gentle shaking on orbital platforms; they were dilutions of progeny DNA. PCR products (2 l) were added treated twice for 15 min in 0.5 n NaOH, 1.5 m NaCl, followed to 12-l restriction digestion reactions containing the manuby twice for 30 min in 1 m ammonium acetate, 20 mm NaOH; the latter buffer served as the denaturing transfer buffer. facturer's recommended units of restriction enzyme (Pro- Polymorphisms were identified using a perl script that comTransfers proceeded for 24-48 hr, using a total of 2 liters of pared sequences from the SGTC B-3501 and JEC21 sequence transfer buffer per gel. Membranes were rinsed and neutraldatabases. ized in 2ϫ SSC for 5 min before UV crosslinking in a Stratalinker UV crosslinker (Stratagene, La Jolla, CA) and then air dried.
Physical mapping-assignment of linkage groups to chroof 13,041 restriction endonuclease sites that were polymosomes: Selected markers were labeled and used as hybridmorphic between them ( Segregation analysis reveals little segregation distorEco15, Hind31, Mbo2, Pst13, Pst17, Pst26, Xho6, Xho9, and Xho13) did not group to any of the linkage groups tion: Of the 301 markers used, 295 (98.7%) showed 1:1 Mendelian segregation ratios in the progeny mapping (Figure 1) . The MAT-associated markers (NCP1a, STE20a, STE20␣, KL1, KL2, KL7, and KL8) mapped with or near population (Figure 2 ). Six markers showed segregation distortion; 4 were significant at the 95% significance the mating-type phenotype (MAT) and in the pattern predicted by the published sequence (Lengeler et al.
level, and 2 were significant at the 99.5% significance level (Table 3 ). The MAT markers (MAT, NCP1a, 2002) . Segregation data for all markers are available as supplemental data (Table S2 at http://www.genetics.
STE20a, STE20␣, KL1, KL2, KL7, and KL8) showed segregation distortion that was significant at the 90% level, org/supplemental/).
The linkage groups ranged in size from 3.8 cM (LG15) with slight skewing toward the B-3502 (MATa) parent. However, there was an overall even distribution of pato 157.5 cM (LG1). The genome size, estimated by summing all linkage groups, is ‫6921ف‬ cM. This underestirental alleles (i.e., not skewed toward either parent). Among the 94 progeny, at all 301 loci, there were 13,829 mates the actual size of the genome because gaps be- We estimated the physical sizes (in base pairs) of chromosomes using S. cerevisiae and H. wingei chromosome intensities, multiple chromosomes appear to be comigrating in bands 1, 4, and 7 of B-3501 and in bands 2, size standards and generated standard curves using point-to-point semilog transformations to linearize the 7, and 11 of B-3502. The differential intensities of the larger bands are more apparent in the original images data. On the basis of these standard curves, the C. neoformans chromosomes ranged in size from 766 kb (chroand in other chromosomal blots. Assuming that the chromosomes are homologous, bands 2, 4-6, and bands mosome 14 of both strains) to 2.37 Mb (chromosomes 1/2 of B-3501), from which we estimated total genome 8 and 9 of B-3502 should correspond to a doublet at band 1, a triplet at band 4, and a doublet at band 7, sizes of 20.2 Mb for B-3501 and 20.14 Mb for B-3502. These sizes are ‫1ف‬ Mb larger than those proposed by respectively, of B-3501. Similarly, bands 1, 5, and 6 of B-3501 should correspond to a doublet of chromosomes SGTC and TIGR, on the basis of sequence analysis that does not include the ribosomal DNA repeat sequences at bands 2 and 7 of B-3502, respectively, and bands 9 However, Alu2 and Pst13, which were among the 12 ungrouped markers, hybridized to chromosome 10. The ‫%5ف‬ difference in genome size estimates by the two approaches.
remaining 10 ungrouped markers have all been assigned by hybridization to chromosomes, as shown in All linkage groups are physically mapped to chromosomes: Using at least 2 markers per linkage group as Table 4 . The ribosomal DNA (rDNA) gene sequence hybridized to band 1 of B-3501 and band 2 of B-3502, hybridization probes (indicated by asterisks in Figure  1 ), we assigned all 20 linkage groups to unique bands which is consistent with the interpretation that band 1 of B-3501 represents the comigration of chromosomes on CHEF blots (Figures 1, 4 , and 5). Vertical alignment of linkage groups in Figure 1 (e.g., LG12 and LG13) 1 (LGs 12 and 13) and 2 (LGs 8 and 19) and that band 2 of B-3502 contains chromosomes 2 (LGs 8 and 19) indicated that marker probes from these linkage groups hybridized to the same chromosome, although the true and 3 (LG 6). The difference in size and migration of chromosome 2 most likely reflects a larger number of orientation of linkage groups within a chromosome is not known from these data. Assignment of linkage rDNA repeats. 
. The genome size estimated from these karyotypes are attributable to inconsistent migration of these chromosomes because of the electrophoretic conditions is ‫2.02ف‬ Mb, slightly larger than, but still consistent with, estimates from other reports (Perfect et al. 1989 ; Wickes and/or differential expansion of subtelomeric repeats in homologous chromosomes. Forche et al. 2000) , as well as the sequencebased estimate of the SGTC of 18.7 Mb (http://valefor. stanford.edu/group/Cneoformans/overview.html). By of ‫6921ف‬ cM. Gaps between linkage groups assigned to the same chromosome are at least 30 cM in length (the strophus (Tzeng et al. 1992) , 43 kb/cM for Neurospora threshold set for linkage declaration); there are eight crassa, and 48.5 kb/cM for Agaricus bisporus (Kerrigan such gaps, increasing the genetic distance to a maxiet al. 1993 ). mum of 1536 cM. Exceeding our expectations for saturaThe thresholds we used for declaring linkage (viz., tion, the average map distance between markers is 5.4 recombination Յ0.30 and LOD Ն 6.0) are stringent, cM (range, 1-28.7 cM). The overall genomic ratio of but were chosen to minimize the likelihood of creating physical size to genetic distance averaged 13.2 kb/cM. false linkages (Ooijen and Voorrips 2001). With a mapHowever, this ratio varies among chromosomes, from ping population of 94 progeny, a swept radius of 0.33 is a range of 6.6 kb/cM for chromosome 11 to 19.9 kb/ the boundary whereby only recombination values Յ0.33 cM for chromosome 13. These estimates are similar to are considered significant at a confidence level of those of other fungal species: 10 kb/cM for S. cerevisiae (Fincham et al. 1979) , 23 kb/cM for Cochliobolus hetero-Ն95% (Shields 1982). To confirm the importance of which is logical given that B-3501 and B-3502 are siblings. The lack of variability between B-3501 and B-3502 at chromosome 10 can be explained by either of two hypotheses. The first is that both B-3501 and B-3502 stringent thresholds in building genetic linkage maps, we repeated the mapping procedure several times while inherited, either by selection or by chance, a nonrecombinant chromosome 10 from the same parent (NIH433 relaxing each threshold. Increasing the recombination threshold to 0.35 did not change the map, whereas or NIH12). This is entirely within expectation, as any large sample of meiotic products will include nonrecomincreasing the threshold to larger values resulted in fewer and larger linkage groups, many of whose markers binant as well as recombinant chromosomes. Analysis of the haplotypes at three of the larger linkage groups were assigned by Southern hybridizations to different chromosomes (results not shown). With lowered LOD (LG1, LG6, and LG11) of the 94 progeny revealed a similar and otherwise unremarkable distribution of rethresholds, we observed similar phenomena: as LOD thresholds decreased, smaller linkages coalesced into combinant and nonrecombinant haplotypes (results not shown). Haplotype analysis of progeny from a cross larger linkage groups that were not supported by hybridization-based chromosome assignments (results not used for a linkage map of Gibberella zeae (Jurgenson et al. 2002) also revealed parental haplotypes of entire shown).
The small percentage of unlinked markers (4%) would linkage groups. However, the presence of two polymorphisms on chromosome 10 (ungrouped markers Alu2 suggest that we have mapped, or at least marked, a significant portion of the genome. Nonetheless, an enand Pst13) argues against this hypothesis. Therefore, the more likely hypothesis is that the parental strains, tire chromosome-chromosome 10-is not represented on this linkage map, although 2 of the un-NIH433 and NIH12, were similarly monomorphic at chromosome 9. Considering the degree of variability grouped markers hybridized to it. Chromosome 10 is ‫1.1ف‬ Mb in length or 6% of the genome. In contrast, apparent at all other chromosomes, as well as the disparate origins of NIH433 and NIH12 (Heitman et al. chromosome 11 , which is similar in size to chromosome 10, is represented by a linkage group composed of 27 1999), this unexpected finding warrants further study of chromosome 10. polymorphic markers. We do not know for certain the reason for this result. With an average map density of Compared with most other fungal linkage maps, we observed a remarkably uniform distribution of parental 12 kb between markers, the failure to map chromosome 10 suggests that an additional 92 cM is not covered by alleles among the progeny, with only 5 loci (1.7%) show-ing segregation ratios sufficiently distorted from the null hybridized to chromosome 12 of B-3501 and chromohypothesis of 1:1 to be considered significant at the 95% some 8 of B-3502 (Figures 4 and 5) . However, it is confidence level (Table 3) . By comparison, in mapping unlikely that LG 4 represents the entire chromosome the A. bisporus genome, Kerrigan et al. (1993) found 9 in B-3501 or that LG14/LG18 represents the entire that 21 of 64 polymorphic loci (32.8%) showed segregachromosome 8 in B-3502; chromosome 9 is ‫052ف‬ kb tion distortion (P Ͻ 0.05), which they suggested may larger than chromosome 12, which at the genome-wide have been caused by differential viability or growth rates ratio of 13.2 kb/cM would be 18.9 cM. The reciprocating among the progeny. The maize pathogen, C. heterostrosegment of DNA probably includes sequences that are phus, has been genetically mapped by Tzeng et al. monomorphic between B-3501 and B-3502 and, there-(1992) , who found segregation distortion among 21 of fore, not represented by the linkage map. However, it 132 polymorphic loci (15.9%) and suggested that sevis also possible that chromosomes 9 and 12 of B-3501 eral were distorted because they were linked to the Tox1 are respectively homologous with chromosomes 12 and locus. In creating a genetic map of the related C. sativus, 8 of B-3502, but that the electrophoretic migrations Zhong et al. (2002) found segregation distortion among of these chromosomes are not entirely stable or well 20 of 102 polymorphic loci (19.6%). Using 468 polymorcorrelated with their sizes because of the prolonged phic loci, a genetic map of G. zeae was created by Jurgenconditions of electrophoresis or size differences in teloson et al. (2002) ; they identified nine linkage groups and meric repeats. In this putative translocation, the infound highly distorted segregation ratios (significance volved linkage groups show normal segregation ratios values not reported) across the entirety of five linkage and haplotype distributions (results not shown), suggroups, which they attributed to the selection of only gesting that during prophase, synapsis is unhindered one class of recombinants. However, observations of between homologous sections of the otherwise nonhosegregation distortion may also be due to sampling ermologous chromosomes. Synaptic pairing between reror. Using our data as an example, at a significance level ciprocal translocation chromosomes typically results in of 95%, under the null hypothesis of no segregation two types of meiotic segregants: those with duplicated distortion among the 297 loci, significant deviations and deleted segments, which are usually nonviable (also would be expected in 15 loci (5% of 297). Yet five of known as "adjacent-1"), and those with the normal, the six markers showing distortion belonged to the same translocated chromosomes (also known as "alternate"; linkage group (LG 9), which overall was slightly skewed Suzuki et al. 1989) . Among the basidiospores from the toward B-3501 (Figure 3) . Seven other linkage groups cross used for this map, ‫%05ف‬ were nonviable. Further were slightly skewed in parental contribution (Figure 3 ), studies will analyze karyotypes and physical maps of with six being slightly skewed toward B-3502. However, B-3501/B-3502 parental isolates NIH433 and NIH12, as apart from the aforementioned 5 loci, the segregation well as a random sample of the mapping progeny. In ratios of the loci of these slightly skewed linkage groups addition, our collaborations with the genome sequencare not significant at the 95% confidence level.
ing and assembly efforts underway at SGTC and TIGR The variability in electrophoretic karyotypes of B-3501 should contribute to a better understanding of these and B-3502, as shown in Figures 3 and 4 , is not unexanomalous regions. pected. Karyotypic variability in C. neoformans has been Although this is the first report of a possible translocaobserved by others (Kwon-Chung et al. 1992 ; Wickes tion in C. neoformans, translocations have been identified et al. 1994) and has been used for taxonomic and epidein other fungi, including the pathogenic yeast Candida miologic studies (Boekhout et al. 1997) . In addition, dubliniensis, in which repeat sequence clusters mediate karyotypic variability has been documented in other recombination between nonhomologous chromosomes fungi, including Ustilago maydis (Kinscherf and Leong (Joly et al. 2002) . A reciprocal translocation was also 1988), S. cerevisiae (Ono and Ishinoarao 1988) , and identified in the maize pathogen, C. heterostrophus (Tzeng Candida species Magee 1987). et al. 1992) . Chromosomal translocations, like other By successfully separating the 8/9 doublets from chromosomal rearrangements, have been postulated as B-3501 and B-3502 and probing them with markers that postzygotic reproductive isolating mechanisms that may had already hybridized to the unresolved doublets, we be important, if not essential, agents of speciation discovered that chromosome 8 from B-3502 is homolo-(White 1978). Evidence to support this hypothesis has gous with chromosome 9 from B-3501. In both strains, been convincingly demonstrated among the Sacchachromosomes 8 and 9 are so similar in size that their romyces "sensu stricto" yeasts, where the number of recipseparation required unusually lengthy electrophoresis rocal translocations among sibling species correlates times (10 days).
with spore viability from hybrid crosses (Fischer et al. In assigning linkage groups to karyotypes, we discov-2000; Delneri et al. 2003) . The authors concluded that ered hybridization patterns that suggest reciprocal these chromosomal translocations are not likely to drive, translocations (Figure 4 ). Linkage group 4 hybridized but probably do contribute to, speciation through reto chromosome 9 of B-3501 and chromosome 12 of B-3502, whereas the linkage group pair, LG14/LG18, productive isolation. A better understanding of chromo-
